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Laser-driven plasma accelerators provide acceleration gradients three orders of magnitude greater
than conventional machines, offering the potential to shrink the length of accelerators by the same
factor. To date, laser-acceleration of electron beams to particle energies comparable to those offered
by synchrotron light sources has been demonstrated with plasma acceleration stages only a few cen-
timetres long. This article describes the principles of operation of laser-driven plasma accelerators,
and reviews their development from their proposal in 1979 to recent demonstrations. The potential
applications of plasma accelerators are described and the challenges which must be overcome before
they can become a practical tool are discussed.
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I. INTRODUCTION
Particle accelerators are a ubiquitous tool in science.
The huge particle colliders — such as the LHC at CERN
— are currently very much in the public eye, but ac-
celerators lie at the heart of many other scientific and
medical instruments. These include synchrotrons and
free-electron lasers, which convert beams of energetic
electrons to radiation ranging from terahertz frequen-
cies to the x-ray region; and neutron beam facilities,
which are driven by accelerated proton beams. Accel-
erators probe matter in all its states, enabling advances
in engineering, medicine, and in the biological and phys-
ical sciences. They also have widespread applications in
medicine, ranging from x-ray diagnostics to particle beam
therapies.
Virtually all of today’s accelerators accelerate charged
particles in the electric fields established between con-
ducting electrodes or excited in an electromagnetic cav-
ity; with this approach electrical break-down limits the
maximum field to less than 100 MVm−1. Plasma accel-
erators can generate accelerating fields a thousand times
greater, reducing the required accelerator length by the
same factor. The prospect of shrinking kilometre-scale
particle colliders to a few metres, or the hundreds of me-
tres of accelerator within a synchrotron to a few centime-
tres drives this vibrant research area.
In this article we outline the physics of laser-driven
plasma accelerators and discuss some of the key devel-
opments in this field. We also consider some of their
potential applications and discuss the challenges which
must be overcome before they can be realized. The elec-
tric fields excited in plasma by laser pulses or particle
beams have been used to accelerate positive ions, pro-
tons, and electrons. We will concentrate on laser-driven
∗ simon.hooker@physics.ox.ac.uk.
acceleration of electrons but, despite this focus, the sum-
mary presented here is far from a comprehensive review.
The physics of laser-driven plasma accelerators has been
reviewed in detail by Esarey et al. [1]; several technical
reviews of the field are available [2–5], as well as articles
of interest to the general reader [6–8].
II. PRINCIPLES OF PLASMA ACCELERATORS
A. Key concepts
Before describing the various regimes in which plasma
accelerators operate we first summarize some concepts
common to all such schemes.
1. Overview
When an intense laser pulse propagates through a
plasma (in simple terms, an ionized gas), the free elec-
trons in the plasma are pushed away from the laser pulse
by the ponderomotive force (see below). The electrons
are pulled back towards their original positions by the
positive ions, but their momentum causes them to over-
shoot and subsequently to oscillate about their initial
position. The separation of electrons and ions forced by
the laser pulse therefore excites a longitudinal electron
density wave — known as a ‘plasma wakefield’ — which
trails the driving laser pulse in a similar manner to the
water wake following a moving boat. As an example, Fig.
1 shows the formation of ‘linear’ and ‘nonlinear’ plasma
wakefields for laser pulses with, respectively, relatively
low and relatively high peak intensity.
The plasma oscillates at its characteristic frequency,
the plasma frequency, given (in angular units) by ωp =√
nee2/me0, where ne is the initial electron density. The
electrons are kicked forwards and backwards respectively
by the front and back of the laser pulse, and hence the
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FIG. 1. Plasma waves driven by intense laser pulses. The laser pulse (red-yellow) propagates from right to left and excites a
trailing plasma wave. The plasma wave amplitude (blue-green) is shown for laser pulses with initial values of the normalized
laser intensity parameter of: (a) a0 = 0.5, corresponding to the linear regime; and (b) a0 = 4.0, close to the bubble regime —
as indicated by the excitation of a highly nonlinear plasma wave and the formation of a ‘cavity’ immediately behind the laser
pulse. The spatial co-ordinates are in units of the plasma wavelength; the vertical scale is in arbitrary units, but that in (a)
has been magnified by a factor of 10 relative to that in (b). In (a) the path of plasma electrons pushed by the ponderomotive
force of the laser is indicated by the black arrows and the longitudinal electric field within the plasma wave is shown in yellow.
These simulations were performed using the OSIRIS 2.0 code [9].
wakefield will be strongest when these kicks add in phase
— i.e. if the duration τ of the laser pulse satisfies the
condition ωpτ ≈ 1.
The separation of electrons and ions within the plasma
wave sets up huge electric fields which can be used to
accelerate charged particles. Importantly, the wakefield
propagates at the speed of the laser pulse and so it can
be used to accelerate particles to relativistic energies.
The magnitude of the electric field within the plasma
wave can reach the order of the ‘cold wave-breaking limit’
Ewb = mecωp/e. For example, for a plasma density of
ne = 1 × 1018cm−3, we find ωp = 5.6 × 1013 rad s−1 and
Ewb = 96 GeVm
−1; the plasma period Tp = 2pi/ωp ≈
110 fs, and hence resonant excitation requires laser pulses
with a duration somewhat less than 100 fs.
2. The ponderomotive force
The wakefield is driven by the ponderomotive force,
which is the time-averaged force experienced by a charged
particle as it moves in the fields of an electromagnetic
pulse [1, 10, 11]. One way of seeing how this force arises
is to consider the mean kinetic energy of an electron os-
cillating in the laser field. This ponderomotive energy,
Up, is proportional to the laser intensity I. Spatial vari-
ations in the laser intensity, and hence in Up, correspond
to the ponderomotive force Fp = −∇Up ∝ −∇I. It acts
to push electrons away from regions of high gradients in
the laser intensity.
3. Limits to the acceleration
A fundamental limit to the distance over which par-
ticles can be accelerated arises from the fact that the
plasma wave travels at the speed of the laser pulse —
which is less than c, the speed of light in vacuum —
whereas the accelerated particles reach speeds very close
to c. In the linear regime particles move from a region
of acceleration to one of deceleration after the dephasing
length Ld ≈ λ3p/λ2, where λp ≈ 2pic/ωp and λ are re-
spectively the wavelengths of the plasma wave and the
driving laser. For an 800 nm laser pulse propagating in a
plasma with ne = 10
18cm−3, Ld ≈ 60 mm.
Other limitations arise from: depletion of the driving
laser energy, by transfer to the plasma wave; and defo-
cusing of the pump laser.
4. Trapping
The electrons to be accelerated can either be injected
into the plasma wave, or they can be pulled out of the
target plasma. At low laser intensities the wakefield has
a low amplitude, and in this case the plasma electrons
cannot gain sufficient momentum to become ‘trapped’ in
the plasma wave. In this regime trapping requires that
the electrons are injected into the plasma wave with a
sufficiently high initial energy — just as a surfer has to
swim fast enough to catch a wave. For very intense laser
pulses, however, the plasma waves are highly nonlinear,
3and in this case some of the background plasma electrons
can be trapped and accelerated; this simplifies generation
of an electron beam, but at the cost of reduced control.
B. Regimes of operation
When describing the regimes in which plasma acceler-
ators operate it is convenient to introduce the normalized
vector potential a = eA/mec, where A is the vector po-
tential of the laser field. For a linearly-polarized pulse
the normalized vector potential at the peak of the laser
pulse is given by a0 ≈ 0.855
√
I18λ2µm, where I18 is the
peak laser intensity in units of 1018Wcm−2 and λµm is the
laser wavelength in µm. This description of the laser field
is useful since the quiver motion of the plasma electrons
becomes relativistic when a0 & 1; for a laser pulse with
λ = 1µm, the onset of relativistic electron motion occurs
for peak intensities of approximately 1.4× 1018Wcm−2.
1. Linear and nonlinear regimes
For low laser intensities (a0  1) the wakefields are
sinusoidal with a wavelength λp = 2pic/ωp, as seen in
Figs 1(a) and 2(a), and the amplitude of the plasma wave
and the accelerating electric field are both proportional
to the laser intensity.
The velocity of the oscillating electrons increases with
laser intensity. At high intensities (a0 & 1), the relativis-
tic increase in electron mass decreases the plasma fre-
quency; this increases the wavelength of the plasma wave
and causes the wakefield to develop a ‘sawtooth’ profile.
These effects cause the plasma wavefronts to curve, as
seen in Figure 1(b), as a result of the variation of the
laser intensity with transverse position.
2. Laser guiding
One factor which determines the length over which the
acceleration can be driven is the distance over which the
laser intensity can be maintained. For a Gaussian laser
beam of waist w0 (the radius at which the beam intensity
is 1/e2 of its axial value), the intensity halves at a dis-
tance equal to one Rayleigh range zR = piw
2
0/λ beyond
the focus [12]. Reaching the high intensities required for
plasma acceleration (assuming a realistic laser power) re-
quires a focal spot size of order 10µm, corresponding to a
Rayleigh range of 0.3 mm for a λ = 1µm laser. To drive
plasma acceleration over more than a few millimetres, it
is therefore necessary to guide the laser pulse.
Nature unexpectedly helps through a process known
as relativistic self-focusing. Since the intensity of the
laser radiation is greater on axis than in its transverse
wings, the relativistic factor γ of the plasma electrons
oscillating in the laser field decreases with distance r
from the propagation axis. Since the refractive index
of a plasma η(r) =
√
1− n2ee2/γ(r)me0ω2, this trans-
verse variation of γ increases the refractive index near
the axis relative to that in the wings. Just as in a gra-
dient refractive index (GRIN) optical fibre, a refractive
index profile of this form focuses the beam and so can
overcome diffraction. For a steady-state beam, this rela-
tivistic self-focusing is balanced [13] by diffraction at the
critical power Pc ≈ 17.4 (ω/ωp)2 GW. For laser pulses
the picture is more complicated [14, 15], but relativistic
self-focusing certainly leads to a considerable extension
of the laser-plasma interaction, and has been exploited
in many plasma acceletor experiments.
A plasma channel provides an alternative way of ex-
tending the distance over which the laser remains fo-
cused. Here, a plasma column is formed in which the
density is lower near the axis, creating an axially-peaked
refractive index profile and hence a guiding structure.
Plasma channels suitable for guiding high-power laser
pulses have been investigated by several groups, includ-
ing the author’s [16–21].
III. AN OVERVIEW OF PROGRESS
The genesis of plasma accelerators was the pioneering
1979 paper by Tajima and Dawson [22] in which they
suggested that the strong electric fields formed within
laser-driven plasma waves could accelerate charged par-
ticles to relativistic energies. Their principal idea was
the excitation of relativistic plasma waves by a single,
intense laser pulse, with a pulse duration somewhat less
than the plasma period — a scheme now known as the
‘laser wakefield accelerator’ (LWFA). Here we summarize
some of the key stages in the subsequent development of
plasma accelerators.
A. Plasma beat-wave accelerators
Tajima and Dawson recognized that efficient excitation
of the plasma wave would require an intense laser pulse
with a duration less than 100 fs, and that this was de-
manding for the glass laser systems then available. They
therefore suggested an alternative scheme: the plasma
beat-wave accelerator (PBWA). This uses the fact that
two co-propagating laser pulses with angular wavenum-
ber and frequencies k1,2 and ω1,2 will beat to give a mod-
ulated laser amplitude of the form cos
[
1
2 (∆kz −∆ωt)
]
,
where ∆ω = ω2 − ω1 and ∆k = k2 − k1. Resonant ex-
citation of a plasma wave then occurs when the pon-
deromotive kicks from the modulated intensity profile of
the pulse add in phase, i.e. when ∆ω = ωp, as shown
schematically in Fig. 2(b).
Beat-wave excitation of plasma waves was first demon-
strated [23] by the UCLA group in 1985. The laser used
was a CO2 laser [12] delivering pulses with an energy
of 16 J and of approximately 2 ns duration, operating
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FIG. 2. Laser-driven plasma acceleration schemes. The am-
plitudes of the driving laser field and the electron density
wave are shown for the cases of: (a) a single driving pulse,
known as the ‘laser wakefield accelerator’ (LWFA); (b) beat-
ing of two laser fields with a frequency difference equal to the
plasma frequency, known as the ‘plasma beat-wave acceler-
ator’ (PBWA); (c) self-modulation of a long laser pulse by
its interaction with the plasma, known as the ‘self-modulated
laser wakefield accelerator’ (SM-LWFA). In all cases the laser
pulse propagates towards positive z.
simultaneously on two ro-vibrational lines with wave-
lengths of 9.56µm and 10.59µm; the frequency difference
of the two laser lines corresponds to a resonant density of
ne = 1.17× 1017 cm−3. Other groups exploited the small
difference in operating wavelength of laser ions doped
into different crystal hosts [24].
The first unambiguous demonstration of acceleration
of electrons in a PBWA was obtained by the UCLA group
in 1993, again using a dual-wavelength CO2 laser [25].
In that work 70 J, 300 ps laser pulses were used to ac-
celerate 2.1 MeV electrons injected from a radio-freqency
(RF) linac to energies up to 9.1 MeV. Later work [26] by
the Brookhaven group employed a plasma channel to ex-
tend the length of the accelerator, allowing acceleration
of electrons up to 50 MeV.
The PBWA scheme suffers from an intrinsic limitation:
as the amplitude of the plasma wave is increased the
relativistic increase in electron mass reduces the plasma
frequency; this shifts the laser beat-wave out of resonance
and leads to saturation of the plasma wave amplitude
[27]. This effect, and the onset of instabilities [1, 24, 28],
has prevented further progress with this scheme.
B. Self-modulated LWFA
Difficulties of this type are avoided in the self-
modulated LWFA (SM-LWFA), first investigated theo-
retically by Andreev et al. [29] and Krall et al. [30].
In this approach an intense laser pulse with a length
cτ  λp is modulated at the plasma frequency by the
laser-plasma interaction, as shown in Fig. 2(c). Impor-
tantly, the modulation is automatically resonant since it
is driven by the local oscxillation of the xplasma; this
means that resonance is maintained over the whole driv-
ing pulse even though the plasma frequency varies as a
result of the changing relativistic mass shift.
The modulation is caused by two mechanisms: (i) fo-
cusing (de-focusing) in regions of lower (higher) axial
density in the co-propagating plasma wave excited by
the leading edge of the laser pulse [29, 30]; (ii) beating
between the driving pulse and forward Raman-scattered
waves of frequencies ω0 ± ωp. The modulated pulse en-
velope excites a plasma wave as in the PBWA, and posi-
tive feedback increases the amplitudes of the plasma wave
and the envelope modulation as they co-propagate. Fig-
ure 3(a) shows simulations of the modulation of a long,
intense laser pulse propagating through a plasma.
The first experiments on SM-LWFA were undertaken
in the early 1990s, using Nd:Glass lasers [12] delivering
picosecond laser pulses with energies of 10s of joules, in-
teracting with plasmas with densities of order 1019 cm−3
[31–34]. Figure 3(b) shows an example of an electron
energy spectrum obtained in this regime by a collabora-
tion of groups from UCLA, Imperial College, and Ecole
Polytechnique using the VULCAN laser at Rutherford
Appleton Laboratory (RAL). The spectrum is seen to be
broad, extending to approximately 94 MeV.
C. The bubble regime
With the development of high-power, short-pulse lasers
based on chirped-pulse amplification (CPA) [35, 36] it
became realistic to consider driving a plasma wakefield
with a single, very intense laser pulse with a0  1. This
work built on analogous work by Rosenzweig et al. who
considered plasma waves driven by short, dense particle
beams [37] and found that in this ‘blow-out’ regime the
plasma electrons are completely expelled from the axial
region, leaving a cavity within which is formed an ideal
field structure for accelerating electron bunches (see Fig.
1(b)).
Following work by Mora and Antonsen [38] on the
propagation of intense (a0 = 1), but long (cτ  λp)
laser pulses, Pukhov and Meyer-ter-Vehn [39] studied the
case of wakefields driven by intense, short laser pulses.
In what they termed the ‘bubble regime’, Pukhov and
Meyer-ter-Vehn found that some of the electrons which
propagated around the edge of the bubble could be
trapped at its rear, near the axis. Further, they found
that the energy spectrum of the accelerated electrons
could be strongly peaked, unlike the quasi-thermal spec-
tra generated with SM-LWFA.
The bubble regime is of great importance since it
provides a relatively straightforward way of generating
high-energy, quasi-monoenergetic electron beams with-
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The electrons accelerated in the interaction region
passed through an fy100 collimator and were dispersed
using a Brown and Buechner spectrometer [19]. The
plasma wave was excited by an intense sa0 . 1d, short
laser pulse via the RFS instability [20,21] and wake
formation from the distortion of the leading edge of
the pulse. Here a0 ≠ eE0ymv0c is the normalized
oscillatory velocity of the electron in the laser field E0 of
frequency v0. RFS is the decay of an electromagnetic
wave sv0, k0d into a relativistic plasma wave svp , kpd
and two forward propagating electromagnetic waves, anti-
Stokes and Stokes sv0 6 vp , k0 6 kpd.
In Fig. 1(a) we show a frequency resolved image of
the plasma wave, when the pump is focused at the edge
of the gas jet plume sx ≠ 22 mmd, obtained by Thom-
son scattering of the probe beam. The Thomson scat-
tering geometry is k matched to plasma wave modes
centered around k ≠ kpxˆ 6 k'yˆ , where k'ykp , 1, kp
is the wave vector of the relativistic plasma wave, and xˆ
and yˆ are the unit vectors. Note that while each mode
by itself is nonrelativistic, their superposition is a rela-
tivistic plasma wave with transverse spatial structure
which comes about because the laser spot size is on the
order of a plasma wavelength. The scattered light ap-
pears as a wavelength shifted feature at Dl ¯ 234 nm.
This shift is identical to the shift associated with the
anti-Stokes satellite that is observed in the transmitted
beam. From this shift we infer an effective plasma den-
sity [22] of 1.4 3 1019 cm23 (gas jet backing pressure
of 21 bars) which gives gph ≠ 8.5 and a dephasing dis-
tance L ¯ 0.32 mm. The observed uniformity of the fre-
quency shift indicates that within the 50 Å frequency
resolution of the detection system the plasma density is
uniform throughout the length of the plasma wave. As
indicated in the inset to Fig. 1(a), the wave amplitude is
greater than 13 its maximum value over 0.6 mm which is
approximately one Rayleigh range. Since the laser power
for this particular shot (20 TW) was far above the critical
power for relativistic self-focusing [23] one might expect
the plasma wave to exist over lengths much greater than a
Rayleigh range. However, the length over which a plasma
wave is excited depends critically on where in the gas the
laser is focused. Under other focusing conditions, much
longer plasma waves were observed, including one ex-
tending across the entire 4 mm length of the gas jet [24].
Such shots did not produce the highest energy electrons
s.50 MeVd, however, possibly because of the observed
effective density inhomogeneity across the gas jet.
It is difficult to obtain an absolute estimate of the ampli-
tude of the plasma wave from the scattered power because
of large uncertainties in estimating the transverse dimen-
sion and time duration of the plasma wave. However, on
some shots the second harmonic of the plasma wave is
also seen in the Thomson scattered spectrum. From these
shots, based on harmonic ratios [25], we estimate the am-
plitude of the wave to be n1yn ¯ 40 6 20%.
FIG. 1. (a) Thomson scattered spectrum vs distance along the
gas jet indicating the spatial extent of the relativistic plasma
wave. Position zero is the center of the 4 mm diameter gas
jet. The laser propagates from left to right and is focused at
22.0 mm. The stray light at Dl ≠ 0 has been attenuated by 4.
The gas jet backing pressure was 21 bars. Wave amplitude vs
position is shown in inset. (b) The electron spectra measured in
the forward fy100 cone angle at three backing pressures. The
horizontal error bars indicate the range of energies incident on
each detector as well as taking into account possible positioning
errors. The vertical error bars reflect the uncertainty in detector
sensitivity. The signal to noise ratio is independent of this
error.
In Fig. 1(b) we show the electron spectrum measured
between 30 and 100 MeV on 3 different laser shots in
which the gas pressure was varied from 21 to 27 bars.
The spectra show a monotonically falling electron dis-
tribution function. The signal to noise ratio is 100 at
32 MeV dropping to about 2 at 94 MeV. Clearly, all
the electrons with energies greater than 55 MeV have ex-
ceeded the dephasing limit even for the lowest density
of 1.4 3 1019 cm23. Furthermore, for the highest den-
sity shot sneff ¯ 2 3 1019 cm23 at 27 bars ) gph ≠ 7d,
the spectrum extends beyond 74 MeV which is the energy
an electron would have even if it were to survive the full
lpy2 accelerating phase of the plasma wave. It could be
supposed that the increased acceleration must be due to an
effective decrease in the plasma frequency either because
of ponderomotive blowout or a relativistic increase in the
electron mass, since both effects should be prevalent at
such high incident laser intensities. However, Fig. 1(a)
2134
(b)
FIG. 3. Self-modulated laser wakefield acceleration. (a)
Numerical simulations of a laser pulse undergoing self-
modulation as it propagates from z = 2zR to z = 3.2zR, where
zR is the Rayleigh range of the input beam. In these plots
the laser propagates from left to right. (After [30]. c©1993 by
the American Physical Society.) (b) Measured electron en-
e gy spectra measur d i a forward f/100 cone angle at three
gas jet backing pressures for 20 J, 1 ps laser puls s focused to
a vacuum peak intensity of 6 × 1018 Wcm−2 (a0 ≈ 2). The
horizontal error bars indicate the range of energies incident on
each detector as well as taking into account possible position-
ing errors. The vertical error bars reflect the uncertainty in
detector sensitivity. The signal to noise ratio is independent
of this error. [After [34]. c©1998 by the American Physical
Society]
out the complications of injecting electrons from an ex-
ternal source or providing an external guiding structure
for the driving laser pulse. The first experimental results
obtained in, or close to, the bubble regime were r ported
in 2004 by groups at Imp rial College [40], Lawrenc
Berkeley National Laboratory (LBNL) [41], and Labo-
ratoire d’Optique Applique´e (LOA) [42]. In these ex-
periments the driving lasers were Ti:sapphire CPA sys-
tems [12] delivering laser pulses with an energy in the
range 0.5 - 1 J and of duration 33 - 55 fs. The targets
were supersonic H2 or He gas jets, ionized by the driv-
ing laser pulse to give fully-ionized plasmas of density
ne ≈ 2 × 1019 cm−3. The key finding of these experi-
ments was the observation of electron beams with much
narrower energy spectra than previously observed. Fig.
4(a) shows the result obtained by the Imperial College
group using the Astra laser at RAL. Similar results were
obtained by the LBNL group, who reported a spectrum
peaked at 86 MeV with a width of < 2%, and by the LOA
group, who measured a beam at 170 MeV with a relative
energy spread less than the spectrometer resolution of
24%. For the first time, laser-driven plasma accelera-
tors had generated near-monoenergetic beams, and in so
doing — as evidenced by their appearance on the front
cover of the ‘Dream Beam’ issue of Nature — they had
‘arrived’.
D. Plasma acceleration in waveguides
Since the energy gained in accelerating over one de-
phasing length Ld varies as 1/ne, and Ld ∝ n−3/2e ,
increasing the electron energy above the 100-200 MeV
reached in the 2004 ‘Dream Beam’ experiments requires
operation at lower plasma densities and maintaining ac-
celeration over longer distances. A distinguishing feature
of the LBNL 2004 experiments is that the laser pulse was
guided in the channel [41] formed by hydrodynamic ex-
pansion of a plasma column formed by two laser pulses
arriving before the main driving pulse. However, this
technique is limited to relatively high plasma densities
[16, 41].
A method for creating plasma channels at lower densi-
ties was developed by the author and his group at Oxford.
In this approach, a sapphire or alumina capillary — with
a diameter of 200− 300µm and of length of tens of mil-
limetres — is filled with hydrogen gas via holes drilled
near each end; Fig. 5(a) shows a more advanced capil-
lary design which also incorporates a gas jet for control-
ling electron injection (see below). The plasma is formed
by pulsing a discharge through the capillary, whereupon
conduction of heat to the capillary wall establishes a max-
imum in plasma temperature — and hence a minimum
in density — along the capillary axis. This allows guid-
ing in low-Z gasses, and evolved from work by Zigler et
al. on ablative capillary discharges where the plasma was
formed from the (higher Z) wall material of the capillary
[17].
Measurements and modelling show that the transverse
electron density profile can guide intense laser pulses
with a spot size of 30 − 40µm over tens of millimetres
[19, 20, 45–47]. In 2006, the LBNL and Oxford groups
used this waveguide to guide laser pulses with an input
intensity of approximately 3 × 1018 Wcm−2 through a
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Figure 3 Single-shot e-beam spectra of the capillary-guided accelerator. a,b, Examples of bunches at 0.50+0.02−0.015 GeV (5.6% r.m.s. energy spread, 2.0 mrad divergence
r.m.s.,∼50 pC charge) (a) and 1.0+0.08−0.05 GeV (2.5% r.m.s. energy spread, 1.6 mrad divergence r.m.s.,∼30 pC) (b). The horizontal axis is the beam energy and the vertical axis
is the beam size in the undeflected (horizontal) plane. The colour scale denotes the bunch charge in pC GeV−1 sr−1. The 0.5 GeV (1.0 GeV) beam shown was obtained in the
225 (310) µm capillary with a density of#3.5×1018 (4.3×1018 ) cm−3 and input laser power of 12 TW (40 TW). The black stripe denotes the energy range not measured by
the spectrometer. In b, a second beam at 0.8 GeV is also visible. Note that the energy spread and divergence are obtained after including the imaging properties of the
spectrometer. The energy spread at 1 GeV may actually be less as the energy resolution is limited to 2.4% at 1 GeV and there is slight saturation of the image. c,d, Vertically
integrated spectra for the 0.5 (c) and 1.0 GeV (d) beams. The vertical axis is the charge density in pC GeV−1. The vertical error bar arises from uncertainty in calibration of the
phosphor screen as a charge monitor (±17%). The horizontal error bar is due to the uncertainty in entrance angle of the e-beam resulting in an uncertainty in its energy. The
spectrometer did not use an input slit, but the angular acceptance was limited by the transport beam pipe. For the 0.5 GeV (1 GeV) beam, this gives an uncertainty in central
energy of+2%,−1.5% (+8%,−5%). In addition, for the 0.5 GeV beam, sufficient statistics were obtained to include the shot-to-shot fluctuation, which amounted to ±5%
in mean energy and±30% in charge. Hence, the convolution of those factors are shown in c, which are+5.4%,−5.2% in mean energy and±34% in charge. The
fluctuation in central energy was correlated with fluctuations in laser power.
from the measured e-beam profile. Charge was obtained from the
phosphor screen, which was cross-calibrated against an integrating
current transformer.
Figure 3 shows energy spectra of (a) 0.5 GeV and (b) 1.0GeV
beams, obtained with 12 TW (73 fs input) and 40 TW (38 fs input)
laser pulses, respectively. In both cases the e-beams had per-cent-
level energy spread and a divergence of 1.2–2.0mrad (r.m.s.).
Beams at ∼0.5GeV were obtained using a 225-µm-diameter
capillary for a density of#3.2 to 3.8×1018 cm−3 and for laser power
ranging from as low as 12 TW (using 73 fs) to 18 TW (using 40 fs).
The laser pulse energy transmission was observed to decrease from
near 100% for input powers below 5 TW to less than 70% for input
powers above 18 TW, consistent with laser energy transfer to the
wake and e-beams.
The performance of the 225-µm-diameter capillary-guided
accelerator was found to be reproducible for delays between the
laser arrival and onset of the discharge of 80–110 ns (that is, a
30 ns timing window) and 12 TW laser peak power. Every laser
shot resulted in an e-beam at 0.48GeV±6% and an r.m.s. spread
<5%. Fluctuations in e-beam energy were directly correlated with
those in laser power. For lower power (<12 TW) no e-beams
were observed, suggesting that the wake amplitude was below the
self-trapping threshold. For higher power (>12 TW), the e-beam
spectra typically showed significant structure (larger spread and
multiple spots) and hadmuch larger divergence, consistent with the
wakefields exhibiting strong transverse structure in these relatively
narrow channels, with a correspondingly strong impact on trapping
(transverse wavebreaking) and focusing of the beams. In addition,
the e-beam energy was lower and the bunch charge higher,
suggesting that at these higher power levels more particles are
trapped and that trapping occurs sooner in the channel, resulting
in significant beam loading and reduction of the wakefield as well
as improper matching of the acceleration length to Ld.
The GeV e-beam was obtained in a 310-µm-diameter channel
capillary for P = 40 TW and a density #4.3× 1018 cm−3. In this
larger diameter channel, transverse wakefields are reduced but the
guiding properties are less ideal as this capillary requires a larger
input spot size for matching than was used in the experiments.
For lower laser power (<38 TW), no e-beams were observed. For
higher laser powers, the spectrum always showed structure with
significant shot-to-shot fluctuations due in part to the self-trapping
mechanism being sensitive to small variations in the laser and
plasma parameters11. The dynamics of trapping, dephasing, beam
loading11,22 and hosing23 may be responsible for the second spatially
displaced bunch observed near 0.8 GeV in Fig. 3b. Such features are
observed in numerical simulations, owing to trapping of a second
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(b)
FIG. 4. Generation of quasi-monoenergetic electron beams.
(a) Measured electron energy s ectrum showing acceleration
to close to 100 MeV for laser pulses of 500 mJ, τ = 40 fs laser
pulses focused to a peak intensity of 2.5×1018 W cm−2 into a
plasma density of 2×1019 cm−3. The energy width was ±3%.
[After [40].] (b) Generation of a 1 GeV beam (and a second
be m at 0.8 GeV) by plasma accelerator driv n by a 1.6 J,
τ = 38 fs laser puls focuse into the plasma chan el formed
in a capillary discharge waveguide. The axial plasma density
was 4.3 × 1018 cm−3. The black stripe indicates an energy
range no recorded by th spectrometer. [After [43].]
33 mm-long plasma channel with an axial plasma density
f 4.3 × 1018 cm−3. As shown in Fig. 4(b), this allowed
the generation of quasi-monoenergetic beams with elec-
tron energies of 1 GeV for the first time [43]. Beams
with electron energies up to 2 GeV have subsequently
been demonstrated by several groups employing exter-
nal waveguides [48, 49] or self-guidi g [50–53].
IV. APPLICATIONS OF PLASMA
ACCELERATORS
The potential applications of particle or radiation
beams generated by laser-driven plasma accelerators in-
clude: radiography for non-destructive inspection of ma-
terials or diagnosis; radiotherapy [54]; ultrafast radiolysis
studies in biology and chemistry [54, 55]; ultrafast stud-
ies of condensed matter; and fundamental research, such
as studies of ‘plasma QED’ and parti le physics.
0.22mm
3.9mm25.3mm2.4mm1.4mm
FIG. 5. Controlling electron injection with a density ramp.
Top: schematic diagram of the combined He gas jet and
hydrogen-filled capillary discharge waveguide, showing the
calculated initial gas density. (a-f) Magnetic spectrometer
images. The black shaded areas in each image represent the
regions ot covered by the spectrometer cameras. Lineouts
of the mean (black curve) and the standard deviation (red
area) are given to the right of each image. Note that the
ele tron spectra are averages over 20 consecutive laser shots,
demonstrating the remarkable stability of the accelerator: the
RMS variations of the energy, charge and beam propagation
direction were 1.9%, 45% (which could be improved to 6%
by changing the density profile), and 0.57 mrad respectively.
[After [44].]
Laser plasma accelerators are well suited to driving
compact sources of radiation. Radiation has been gen-
erated at visible [56] and soft x-ray wavelengths [57]
by passing laser-accelerated electrons through magnetic
undulators. Figure 6 shows results by Fuchs et al.
[57] in which 200 MeV electrons were passed through
a compact (30 cm long) magnetic undulator to gen-
ate radiation at 17 nm and 9 nm (fundamental and
second-harmonic), with an estimated peak brilliance
at 17 nm of 1.3 × 1017 PSB, where PSB stands for
photons s−1mrad−2mm−20.1%BW−1.
Bright radiation is also emitted directly from the
plasma accelerator as a result of the oscillation of the ac-
celera ing lectron bunch in the transverse electric field
7FIG. 6. Generation of undulator radiation with a laser-driven
plasma accelerator. A laser pulse (red) is focused into a gas
cell, in which plasma waves accelerate electrons (yellow) to
energies of several hundred MeV. The electron beam is col-
limated by a pair of quadrupole lenses. Plasma radiation
and the laser beam are blocked by an aluminium foil. The
electrons propagate through an undulator and emit soft-x-
ray radiation into a narrow cone along the forward direction
(blue). The radiation is collected by a spherical gold mirror
and characterized by a transmission grating in combination
with an x-ray CCD camera. Stray light is blocked by a slit in
front of the grating. The pointing, divergence and spectrum
of the electron beam are diagnosed by phosphor screens. This
approach was used to generate soft x-rays with a wavelength
of 17 nm. [After [57].]
of the plasma wakefield. These betatron oscillations
generate broad-band radiation at very short wavelenths
[58, 59]. For example, Kneip et al. [58] have measured the
betatron spectrum emitted by a 250 MeV plasma accel-
erator, and showed that emission occurs in the 1-100 keV
range with a peak brilliance of 1 × 1022 PSB at photon
energies of 10 keV. The small source size, typically a few
microns, has allowed x-ray phase contrast imaging of bi-
ological specimens [60, 61].
In a free-electron laser (FEL), positive feedback be-
tween an electron bunch and the radiation it generates as
it passes through an undulator causes exponential growth
of the radiation intensity via ‘micro-bunching’ of the elec-
trons. FELs require very high quality electron bunches,
which means that replacing the km-scale conventional ac-
celerators of existing x-ray FELs [62] with plasma acceler-
ators is a challenging goal. Gru¨ner et al. [63] have consid-
ered the design of a FEL operating at 0.25 nm driven by
a laser-accelerated 1.7 GeV, 1.6 nC, 10 fs electron bunch.
Recent work has shown that the requirements on the elec-
tron bunch parameters could be eased by employing tai-
lored undulator designs [64, 65].
In the long term plasma accelerators could replace the
conventional accelerators in particle colliders. However,
the laser and plasma target requirements for a laser-
driven TeV collider are daunting. For example, Nakajima
et al. [66] have considered a two-stage plasma accelera-
tor with a plasma stage length of 333 m driven by 10.4 kJ,
950 fs laser pulses with a pulse repetition rate of 0.88 kHz;
this corresponds to a mean laser power of 9.2 MW! An
alternative design by Schroeder et al. [67] comprises a 50-
stage linac, each stage driven by 32 J, 56 fs laser pulses
with a pulse repetition rate of 15 kHz — i.e. a mean laser
power per stage of 480 kW.
V. CHALLENGES FOR THE FIELD
The development of laser-driven plasma accelerators
has been rapid and impressive and many groups around
the world have now demonstrated electron beam gen-
eration. The parameters of these bunches can reach
(although not simultaneously): particle energies up to
a few GeV, relative energy spread of a few percent,
charge of 10-100 pC, an RMS duration [68–71] as short as
2 fs, and a normalized transverse emittance in the range
0.1−2pimm mrad [72–77]. However, a great deal remains
to be done. Some of the significant challenges facing this
exciting field are:
A. Reduction of shot-to-shot jitter and energy
spread
In most laser-driven plasma accelerators demonstrated
to date the shot-to-shot jitter of the bunch parameters
and the relative energy spread is large: relative energy
spread is usually in the range 1-10%; and typical val-
ues for shot-to-shot variation in the bunch parameters
are energy 1-5%, charge 5-50%, and beam pointing 0.5
- 3 mrad. These values are very high compared to those
found in conventional accelerators.
Improvements in the bunch parameters, and their shot-
to-shot variation, could be achieved by controlling the
injection and trapping of electrons into the wakefield,
rather than relying on self-trapping. A wide range of
ideas are being explored, including: the use of additional
laser pulses [78, 79]; slowing the plasma wakefield with a
region of decreasing plasma density [44, 80–83]; introduc-
ing an abrupt jump in the plasma density [84, 85]; and
ionization of species doped into the plasma [51, 86–89].
Figure 5 shows one example in which the density ramp
formed at the edge of a helium gas jet embedded within
a hydrogen-filled capillary discharge waveguide was used
to control injection. The generated electron beams were
very stable, and their energy could be adjusted between
100 MeV and 400 MeV by adjusting the position of the
laser focus on the density ramp.
However, although excellent progress is being made in
this area, at the time of writing no technique has emerged
as the method of choice, and none has been used to gen-
erate beams with a stability comparable to the best con-
ventional accelerators.
B. Increased particle energy
The next milestones for the field are the generation of
10 GeV and 100 GeV beams, but reaching these will re-
quire an increase in the laser pulse energy or the use of
8several laser pulses. The total length of the plasma accel-
erator must also increase: either by employing a longer
single stage; or by coupling several shorter stages [66, 90].
It may also be possible to extend the accelerator beyond
the dephasing limit by employing longitudinally-profiled
plasmas [91, 92]
C. Increased repetition rate & improved wall-plug
efficiency
Many potential applications of laser-driven accelera-
tors require the pulse repetition rate frep to be increased.
To date, laser-driven plasma accelerators are typically
operated with frep in the range 0.03-1 Hz; this is many
orders of magnitude lower than achieved, for example, by
a third-generation light source.
Increasing the repetition rate from a few Hz to the kHz
range will require the development of new laser technolo-
gies able to operate at substantially higher mean power
and with significantly increased wall-plug efficiency. This
is illustrated by the fact that 100 pC, 1 GeV bunches
delivered at 1 kHz have a mean particle beam power of
100 W. Given an efficiency for transferring energy from
laser to plasma wave, and from plasma wave to parti-
cle bunch, of approximately 50% each [67], a mean laser
power of 400 W would be required. This is large com-
pared to the mean power of 20 W, or less, of present-day
driving lasers — and the requirements of a TeV collider
are even more extreme.
D. Laser systems for plasma accelerators
Progress in the development of laser-driven plasma
accelerators has gone hand-in-hand with the develop-
ment of laser technology, and this relationship is likely
to continue. Several laser technologies have been iden-
tified [93, 94] as being potentially important for future
plasma accelerators: diode-pumped solid-state lasers, fi-
bre lasers [95], and optical parametric chirped-pulse am-
plification (OPCPA) [96, 97]. Diode-pumped continuous-
wave (c.w.) lasers can provide high powers with high
efficiency: coherent combination of a pair of Nd:YAG ce-
ramic slab lasers has generated [98] a continuous power
of 19 kW with an optical efficiency of 30%; and c.w.
fibre lasers providing 10 kW of mean power are avail-
able commercially [95]. However, generating the ultrafast
pulses required for plasma accelerators is more challeng-
ing. Although fibre lasers have delivered pulses as short
as 4.5 fs [99], for pulse energies above 1 mJ the pulse du-
ration is typically longer than 500 fs. For example, an
ytterbium-doped, large-pitch fibre system has [100] pro-
duced 2.2 mJ, 480 fs pulses at a repetition rate of 5 kHz
with an optical efficiency of 23%. To reach the higher
pulse energies needed for plasma accelerators, techniques
for coherently combining the output of many fibre lasers
are required; this is presently a very active area of re-
search [101].
An OPCPA extends conventional CPA by employing
optical parametric, rather than laser, amplifiers [96, 97];
since no heat is deposited in the nonlinear crystal, OPC-
PAs can be operated at high mean powers. With OPCPA
the technological challenges are largely shifted to the
pump laser, although these can be alleviated to some
extent by using multiple pump beams [102–104]. All-
OPCPA laser systems have generated laser pulses with a
peak power up to 16 TW at frep = 10 Hz [105]; a peak
laser power of up to 560 TW has been generated in a
system providing one shot every 30 s [106], and a system
with similar performance operating at frep = 10 Hz is
planned [107]. OPCPA has been identified as a promising
technology for ‘intermediate’ plasma accelerators provid-
ing GeV-scale beams at kHz pulse repetition rates [93].
However, it is clear that significant further development
of OPCPAs is still required.
It is worth noting that driving the wakefield with a
train of laser pulses spaced by the plasma period could
reduce the energy required per driving laser pulse by an
order of magnitude or more. In this multiple-pulse LWFA
(MP-LWFA) the spacing of the pulses can be adjusted to
maintain resonant excitation, avoiding the problems of
the the PBWA. This idea was explored by Nakajima et
al. [108] and Umstadter et al. [109] in the early 1990s, but
has only recently been re-examined [110] as a technique
for driving plasma accelerators with efficient, low-energy,
high repetition rate lasers.
VI. CONCLUSIONS
Laser-driven plasma accelerators have made enormous
advances since they were first proposed just over thirty
years ago. Electron beams with bunch properties compa-
rable to those used in synchrotron light sources can now
be generated; albeit at lower repetition rates, with larger
energy widths and with larger shot-to-shot jitter. Several
applications of laser-accelerated electron beams have al-
ready been demonstrated, and further developments in
this direction can be expected.
These impressive advances have in large part been
enabled by rapid progress in the development of high-
power, ultra-fast laser systems and perhaps especially
the development of chirped-pulse amplification. Impor-
tant next chapters in the story of laser-plasma acceler-
ators will be their successful adaptation to driving new
applications in time-resolved science, and the demonstra-
tion of acceleration to particle energies of 10s and 100s
of GeV. Successful delivery of these instalments will re-
quire continued advances in high-power laser systems;
close cooperation between those with expertise in lasers,
plasma physics, particle physics, and conventional accel-
erator science; and constructive dialogue between groups
working on the development of plasma accelerators and
those interested in using them.
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